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ABSTRACT 


A parsimony analysis of 57 angiosperm rbcL sequences was conducted to test the monophyly of the Asteridae and 
to identify major lineages within the Asteridae. Three major clades, the Caryophyllidae, the Rosidae plus Dilleniidae, 
and the Asteridae sensu lato, emerge from an unresolved radiation in the “higher” dicots. The Asteridae sens. lat. 
include the Ericales, Cornales, and Apiales in addition to the Asteridae sens. str. Two major lineages within the 
Asteridae sens. lat. are identified: the Dipsacales, Apiales, Asterales, and Campanulales in one, and the Gentianales, 
Scrophulariales, Lamiales, Boraginales, and Solanales in the other. This analysis demonstrates the utility of molecular 
phylogenies to help place problematic taxa, such as the Menyanthaceae, Oleaceae, and Callitrichaceae, within the 
Asteridae. Implications from this phylogenetic analysis and evidence from the fossil record lead to the suggestion that 
the origin and diversification of the major higher-dicot lineages occurred during a relatively short period of time about 


80-95 million years ago. 


The modern concept of the Asteridae, sensu 
Takhtajan (1980) and Cronquist (1981), is derived 
from the ancestral Monopetalae (de Jussieu, 1789) 
and Gamopetalae (de Candolle, 1813) by the elim- 
ination of many groups of plants bearing the orig- 
inal defining feature of fused corollas (Wagenitz, 
1992). Cronquist (1981: 852) stated that “the 
Asteridae are the most advanced subclass of di- 
cotyledons.” This statement puts into words a gen- 
erally held perception, based on traditional as- 
sumptions regarding trends in character evolution 
in the angiosperms, that the subclass is of relatively 
recent origin compared to other major groups of 
dicots (Sporne, 1969, 1975; Stebbins, 1974). 

There is no consensus of opinion concerning the 
monophyly of the Asteridae. Whereas a combi- 
nation of floral and embryological characters seems 
to define a natural group, portrayed as monophy- 
letic in the treatments of Cronquist (1981) and 
Takhtajan (1980, but not 1987), chemical char- 
acters suggest two separate asterid lineages, each 
derived independently from ancestors in the Rosi- 


dae (Dahlgren, 1980). As Wagenitz (1977) pointed 
out, no division of the Asteridae into separate lin- 
eages can be constructed without having to pos- 
tulate parallel evolution in morphology, embryol- 
ogy, and phytochemistry. Parsimony-based methods 
of phylogeny reconstruction offer a means of as- 
sessing phylogenetic information in which paral- 
lelisms exist, by establishing objective criteria for 
accepting one hypothesis of relationships (i.e., tree) 
over another hypothesis. Parsimony-based phylog- 
eny reconstructions among major groups in the 
dicots are few. Donoghue & Doyle (1989), in their 
analysis of basal angiosperm lineages, identified a 
“higher’’-dicot clade (i.e., derived relative to the 
basal dicots). This clade, to which all Asteridae, 
Rosidae, Dilleniidae, Caryophyllidae, and Hama- 
melidae, as well as certain members of the Mag- 
noliidae, belong is characterized by the presence 
of tricolpate pollen. Hamby & Zimmer (1991) 
conducted a parsimony analysis of nuclear ribo- 
somal RNA sequences in angiosperms and other 
seed plant groups, but found little resolution among 
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TABLE 1. Sources of rbcL sequences. Arrangement follows Cronquist (1981). 


Family Species Source/voucher* 
Monocots 
Liliidae 
Burmanniaceae Burmannia biflora MWC (unpublished) 
Liliaceae Lilium superbum MWC (unpublished) 
Orchidaceae Oncidium excavatum MWC (unpublished) 
Commelinidae 
Poaceae Cenchrus setigerus Doebley et al. (1990) 
Puccinellia distans Doebley et al. (1990) 
Dicots 
Magnoliidae 
Lauraceae Persea americana Golenberg et al. (1990) 
Magnoliaceae M. macrophylla Golenberg et al. (1990) 
Nelumbonaceae Nelumbo lutea Les et al. (1991) 
Nymphaeaceae Nuphar variegata Les et al. (1991) 
Nymphaea odorata Les et al. (1991) 
Hamamelidae 
Cercidiphyllaceae Cercidiphyllum japonica’ RGO s.n. 
Platanaceae Platanus racemosa EMG (unpublished) 
Caryophyllidae 
Amaranthaceae Amaranthus hypochondriacus Michalowski et al. (1990) . 
Caryophyllaceae Stellaria media JHR, JRM & HDW (unpublished) 
Chenopodiaceae Spinacia oleracea Zurawski et al. (1981) 
Phytolacaceae Phytolacca americana JHR, JRM & HDW (unpublished) 
Plumbaginaceae Plumbago capensis DEG et al. (unpublished) 
Polygonaceae Rheum X cultorum DEG et al. (unpublished) 
Dilleniidae 
Brassicaceae Brassica campestris JMN (unpublished) — 
Ericaceae Rhododendron hippophaeoides MWC & KK (unpublished) 
Fouquieriaceae Fouquieria splendens Matthaei BG 860162 
Malvaceae Gossypium hirtum Gulov et al. (1990) 
Violaceae Viola soraria* RGO (no voucher) 
Rosidae 
Apiaceae Coriandrum sativum? JDP (no voucher) 
Araliaceae Hedera helix RKJ s.n. 
Cornaceae Cornus mas Donoghue et al. (1992) 
Fabaceae Medicago sativa Aldrich et al. (1986) 
Grossulariaceae Brexia madagascarensis Soltis et al. (1990) 
Hydrangeaceae Carpenteria californica Soltis et al. (1990) 
Linaceae Linum perenne MWC (unpublished) 
Onagraceae Clarkia xantiana KJS & EC (unpublished) 
Polygalaceae Securidaca diversifolia MWC (unpublished) 
Saxifragaceae Heuchera micrantha Soltis et al. (1990) 
Parnassia fimbriata Soltis et al. (1990) 
Penthorum sedoides Soltis et al. (1990) 
Vochysiaceae Qualea sp. MWC (unpublished) 
Asteridae 
Apocynaceae Apocynum cannabinum RGO (no voucher) 
Asteraceae Barnadesia caryophylla Michaels et al. (in prep-) 
Bignoniaceae Catalpa sp.* CWD s.n. 
Boraginaceae Borago officinalis" RGO (no voucher) 
Callitrichaceae Callitriche heterophylla” TCP 2152 


Calyceraceae 


Michaels et al. (in prep-) 
ene a a Ee 


Boopis anthemoides 
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TaBLE 1. Continued. 

Family Species Source/ voucher* 
Campanulaceae Campanula ramosa Michaels et al. (in prep.) 
Caprifoliaceae Symphoricarpos albus" RGO s.n. 

Viburnum acerifolia Michaels et al. (in prep.) 
Convolvulaceae Convolvulus tricolor RGO (no voucher) 
Dipsacaceae Dipsacus sativus Michaels et al. (in prep.) 
Gentianaceae Exacum affine Matthaei BG s.n. 
Hydrophyllaceae Hydrophyllum virginiana" RGO (no voucher) 
Lamiaceae Lamium purpureum" RGO (no voucher) 
Menyanthaceae Villarsia calthifolia" RO 9726 
Oleaceae Ligustrum vulgare" RGO s.n. 
Polemoniaceae Polemonium reptans" BBG s.n. 
Scrophulariaceae Antirrhinum majus" CWD s.n. 
Solanaceae Nicotiana tabacum Lin et al. (1986) 
Valerianaceae Valeriana officinalis Michaels et al. (in prep.) 
Verbenaceae Clerodendrum fragrans" Matthaei BG 840210 


' BBG = Beal Botanical Garden, Michigan State University, CWD = Claude dePamphilis, DEG = David Giannasi, 
EC = Elena Conti, EMG Ed Golenberg, HDW = High Wilson, JDP = Jeffrey Palmer, JMN = Jackie Nugent, JHR 
= Jeff Rettig, JRM = James Manhart, KJS = Ken Sytsma, KK = Kathy Kron, Matthaei BG = Matthaei Botanic 


Garden, University of Michigan, MWC = Mark Chase, RKJ = Robert Jansen, 


Robert Ornduff, TCP = Thomas Philbrick. 
" Sequences determined for this study. 


the higher dicots. The higher dicots (sensu Dono- 
ghue & Doyle, 1989) are currently the subject of 
à morphology-based parsimony analysis aimed at 
identifying the relatives of the Asteridae (Hufford, 
1992), and the Asteridae are the subject of a 
parsimony analysis of restriction sites in the cpDNA 
inverted repeat (Downie & Palmer, 1992). 

e conceptual basis of our research into the 
Phylogeny of the Asteridae is to develop a molec- 
ular data set derived from cpDNA sequences to 
address questions relating to the origin and diver- 
sification of the Asteridae. To do so requires sam- 
pling in sufficient depth among the entire higher 
dicots, as well as including representative outgroups 
from the "lower" dicots and monocots to root the 
resulting tree. Parsimony analysis of DNA se- 
quence data is sensitive to taxonomic sampling. To 
Prevent the attraction of distantly related branches 
?n à parsimony tree, adequate sampling is neces- 
sary (see below). The choice of the chloroplast gene 
rbcL for our phylogenetic analysis of the Asteridae 
is based on prior studies (Palmer et al., 1988; Soltis 
et al., 1990; Golenberg et al., 1990; Doebley et 
al., 1990; Olmstead et al., 1990; Michaels et al., 
n prep.; Kim et al., 1992), which have revealed 
an appropriate amount of sequence variability at 

Phylogenetic level. Our analysis also benefits 

the fact that rbcL is presently being se- 

ee in numerous groups of angiosperms, so 

! representative sequences outside the Asteridae 
‘re available as outgroups. 

We undertook the study of Asteridae phylogeny 


RGO = Richard Olmstead, RO = 


with several goals in mind: (1) to test the monophyly 
of the Asteridae; (2) to identify major lineages of 
the Asteridae; (3) to evaluate ordinal circumscrip- 
tions; (4) to determine relationships among orders 
and among families within orders; (5) to help place 
taxa that are placed ambiguously in existing clas- 
sifications; (6) to provide a basis for interpreting 
character evolution within the Asteridae; and (7) 
to provide a basis, along with a reassessment of 
traditional taxonomic characters, for a revised clas- 
sification of the Asteridae. The present analysis will 
focus on the first two of these goals and will dem- 
onstrate the potential of molecular phylogenies for 
resolving ambiguously placed taxa. A second anal- 
ysis, currently underway with greater sampling in 
the Asteridae, emphasizes familial and ordinal re- 
lationships. Suggestions for taxonomic revisions will 
await its outcome. The value of this rbcL-based 
phylogeny of the Asteridae for identifying family- 
level sister groups to aid in phylogenetic studies of 
specific families or orders is demonstrated else- 
where in this volume (Donoghue et al., 1992; Olm- 
stead & Palmer, 1992). 


MATERIALS AND METHODS 


Plant material was either field-collected or ob- 
tained as fresh leaf material or seed from various 
sources (Table 1). DNA was isolated from fresh 
leaf material as either total cellular DNA following 
the modified CTAB procedure (Doyle & Doyle, 
1987), or as purified chloroplast DNA (cpDNA) 
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3 PCR primer 
Xbal 
1274 1434 +103 


FicURE 1. Cloning and PCR amplification strategy for rbcL. Length of the coding sequence (1434 bp) and position 
of the 3’ PCR primer (beginning +103 bp from termination of coding region), shown here as in Nicotiana tabacum, 


are variable among species examined. 


by the sucrose gradient method (Palmer, 1986). 
All cpDNAs and most total DNAs were further 
purified by CsCl/ethidium bromide gradient cen- 
trifugation. 

An approximately 1550 bp segment of double- 
stranded DNA containing the complete coding se- 
quence for the chloroplast gene rbcL was amplified 
using the Taq polymerase-mediated polymerase 
chain reaction (PCR). Two synthetic oligonucleo- 
tides were designed for use as amplification primers. 
The 5' primer is based on the first 26 nucleotide 
positions of the rbcL coding sequence and is two- 
fold degenerate at position 18 to account for the 
only difference between the maize and tobacco 
sequences in this region. The 3' primer is based 
on a 24 bp sequence that contains part of a stem- 
loop structure beginning 103 bp beyond the coding 
sequence termination for rbcL in tobacco (Fig. 1). 

The sequence for rbcL was obtained following 
cloning of the PCR product for most of the species 
examined. However, the sequence for Cercidi- 
phyllum japonicum and portions of several other 
sequences were obtained by direct sequencing of 
the PCR product following amplification with one 
biotin-labeled primer and strand separation on a 
streptavidin-agarose column (Mitchell & Merril, 
1989). A cloning strategy was adopted that made 
use of highly conserved EcoRV and Xbal restriction 
sites (recognition sites at nucleotide positions 103- 
108 and 1269-1274, respectively) and the resid- 
ual activity of the thermostable Taq polymerase in 
the PCR mixture (Fig. 1). Crude PCR product was 
digested with the two enzymes for two hours at 
37°C and ligated into the plasmid cloning vector 
BlueScript Sk+ (Stratagene, Inc.), which had been 
digested previously with EcoRV to enable the clon- 
ing of blunt-end double-stranded DNA fragments. 
The residual Taq polymerase activity and nucle- 
otide pool in the crude PCR product allow the 
filling-in of the four-base, 5' overhang at the Xbal 
restriction site at the same time that the restriction 
digest is occurring. Following transformation, clones 


were selected with inserts of approximately 1200 
bp (EcoRV-Xbal fragments) and 300 bp (Xbal-3 
PCR primer fragments). Sequencing was accom- 
plished using the dideoxy method with primers pro- 
vided by G. Zurawski. For most taxa at least two 
independent clones of each fragment were $e- 
quenced to minimize possible errors introduced by 
misincorporation during PCR. Estimated rates of 
misincorporation in independent clones from the 
same PCR reaction ranged from 0 to 0.3%. ee 
figure is in accord with published rates of HA 
misincorporation (Saiki et al., 1988). Positions à 
which misincorporation was detected for a spec 
taxon were entered as unknown in the sequen 
for that taxon in the phylogenetic analysis. ad 
A total of 1305 bp of sequence was compar 
beginning at position 103 and ending at pos! 
1407. In the first 1407 bp of sequence, no inser 
tions or deletions were observed in any of x 
sequences studied. Alignment of sequences = 
done by comparison to the sequence for Nie 
tabacum. Beyond position 1407 sequence v " 
gence becomes great, and small insertions aní s 
letions make the alignment of homologous n: 
uncertain. Additional sequences were ob 1 Al 
published and unpublished sources (Table 1). : 
sequences are complete for the 1305 Fb 
being compared with the exception of ro pe 
Nuphar, and Nymphaea (1053 bp each) ni, 612 
anus (1163 bp). Of the 1305 bp compared, x 
positions are variable and 415 of these are ps. 
logenetically informative. Parsimony spa ord 
performed using PAUP version 3.0n (Swo 
1989) on a Macintosh IIfx computer wp 
heuristic search option with global brass no 
ping, MULPARS, and ten replicate runs j^ per 
dom order of taxon entry to search for the 985) of 
trees. A bootstrap analysis (Felsenstem, l 
100 replicates was performed using global ddition 
swapping, MULPARS, and the CLOSEST 
sequence to assess the relative support o cilitate 
identified by the parsimony analysis. To fa 
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the bootstrap analysis of such a large data set, the 
topological constraint option in PAUP was used to 
constrain certain taxonomic groupings that had 
been identified as monophyletic by preliminary 
analyses. This approach effectively reduces the 
number of terminal taxa in the analysis, while main- 
taining all of the sequences, thereby enabling the 
optimal assessment of character state transfor- 
mations over the tree. Internal nodes on the tree, 
where branching pattern is critical to the questions 
addressed by this analysis, were left unconstrained. 
Portions of the tree that were constrained in the 
bootstrap analysis are indicated in Figure 3. 


RESULTS 


Sequences were obtained for 57 taxa (Table 1), 
including 15 published sequences, 23 unpublished 
sequences (provided by M. Chase, D. Les, K. Syts- 
ma, E. Golenberg, H. Michaels, J. Nugent, J. Man- 
hart & D. Gianassi), and 19 sequences generated 
for this study. All sequences generated as part of 
this study are deposited with Genbank and are 
available upon request from the authors (direct 
requests to R. Olmstead). Sampling focused on the 
Asteridae, with additional sequences obtained for 
taxa selected because they are putatively closely 
related to the Asteridae and because they fill gaps 
among other dicot lineages. Outgroup sampling 
reflects to a great degree the diversity of groups 
presently being examined for rbcL sequences. 

A Wagner parsimony analysis, in which all in- 
ferred nucleotide substitutions are equally weight- 
ed, yielded 16 minimum length trees of 2,638 steps 
and a consistency index (CI) of 0.29 (Kluge & 
Farris, 1969), from which a strict consensus tree 
m constructed (Fig. 2). The monocots and *'low- 
er dicots (i.e., Magnoliideae with nontricolpate 
Pollen) provide a good selection of outgroup taxa 
with which to root the portion of the tree repre- 
senting the higher dicots, even though no outgroup 
for the angiosperms as a whole was included in the 
analysis, 

The strict consensus tree (Fig. 2) is rooted ar- 
bitrarily using the woody Magnoliidae taxa, Mag- 
nolia and Persea, as outgroups. The tree shows 
three clusters of taxa among the lower dicots and 
monocots: (1) woody Magnoliidae (if rooted else- 
where among the lower angiosperms, these taxa 
form a clade), (2) monocots, and (3) Nymphaeales 
(minus Nelumbo). Two of these groups have been 
Proposed recently to represent the basal branches 
of angiosperm phylogeny (woody Magnoliidae— 
Pig hue & Doyle, 1989; Nymphaeales— Hamby 

Zimmer, 1991). Rooting the rbcL tree with the 


woody magnoliids (Fig. 2) agrees with traditional 
angiosperm classification (Cronquist, 1981) and has 
been suggested by Donoghue & Doyle (1989) on 
the basis of a phylogenetic analysis using conven- 
tional taxonomic characters. Rooting the rbcL tree 
with the Nymphaeales (Nuphar and Nymphaea), 
as suggested by Hamby & Zimmer (1991) on the 
basis of rRNA sequence data, yields a tree (not 
shown) in which monocots and the woody Mag- 
noliidae form a clade and the remaining dicots form 
another. Using either rooting, the higher dicots 
form a group corresponding to the "tricolpate" 
clade of Donoghue & Doyle (1989). 

Five major clades are identified among the high- 
er dicots (Figs. 2, 3). The basal branch consists of 
Nelumbo (Magnoliidae) and Platanus (Hamameli- 
dae). The separation of Nelumbo from the rest of 
the water lilies (e.g., Nymphaeales) has been sug- 
gested by Donoghue & Doyle (1989) based on 
morphology, and by Les et al. (1991) based on 
rbcL sequences. The remaining taxa fall into four 
recognizable groups, but with only weak bootstrap 
support for any specific branching order among 
them (Figs. 3, 4). One group consists of the Sax- 
ifragaceae sens. str., represented by Heuchera 
and Penthorum. The majority rule consensus tree 
and bootstrap analysis (Fig. 3) suggest that Cer- 
cidiphyllum falls within or near this group. The 
most strongly supported group among the higher 
dicots is the Caryophyllidae, which occurred in 
97% of the bootstrap replicates (Fig. 3). The re- 
maining taxa form two main clades, one comprising 
most of the representatives of the Rosidae and 
Dilleniidae and the other predominantly of Aster- 
idae. A bootstrap analysis (Fig. 3) provides relative 
estimates of support for the groupings in the critical 
region of the tree where the higher-dicot clades 
diverge. 

Within the asterid clade, two main lineages are 
shown. One includes the orders Gentianales, So- 
lanales, Boraginales, Scrophulariales, and Lami- 
ales, while the other includes the Asterales, Cam- 
panulales, Dipsacales, Goodeniales, Apiales, and 
Menyanthaceae, all Asteridae sensu Cronquist 
(1981) except the Apiales (Rosidae). Two smaller 
clades are associated with the Asteridae near the 
base of the two main lineages. One of these clades 
consists of Cornus and Carpenteria, and the other 
includes Fouquieria, - Polemonium, and Rhodo- 
dendron. 

In addition to the analysis of 57 rbcL sequences 
(Figs. 2-4), a larger preliminary analysis of 92 
sequences, some of which were incomplete at the 
time of the analysis, was conducted (results not 
shown). This global analysis differed only slightly 
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FicURE 2. Strict consensus of 16 minimum length Wagner trees based on rbcL sequences (length = 


= 0.29). The tree is arbitrarily rooted using the woody Magnoliidae as the outgroup. Representatives of 
(R) and Dilleniidae (D) are identified. 
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Ficure 3. Results of a bootstrap analysis. Branching order ) 
in which order was unconstrained). Major groups in 


the ae” is constrained topologically (except the ericalean clade, : c 
steridae sens, lat. are identified. Numbers above internodes of unconstrained portions of the tree indicate the 


Pia of bootstrap replicates supporting the distal clade. Fractions below internodes indicate the number of the 
of analy most parsimonious trees exhibiting that branch; all other clades are found in all 16 trees. Representatives 
e Rosidae (R) and Dilleniidae (D) are identified. 
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FIGURE 4. One of the 16 equally parsimonious Wagner trees based on rbcL sequences (length = at 
0.29). This tree is the one most similar to the preliminary analysis of 92 rbcL sequences (see text). — 
are proportional to the number of inferred nucleotide substitutions (note scale at bottom). 


Volume 79, Number 2 
1992 


Olmstead et al. 257 
Monophyly of the Asteridae Inferred 


from rbcL Sequences 


from the results of the more detailed analysis of 
57 sequences shown here. A complete report in- 
cluding more detailed sampling within the Asteridae 
will await completion of the data acquisition and 
analysis. Out of the 16 equally parsimonious trees 
resulting from the present analysis, the one that is 
in closest agreement with the global analysis is 
shown in Figure 4, with the branch lengths pro- 
portional to the number of nucleotide substitutions. 


DISCUSSION 
PHYLOGENETIC IMPLICATIONS 


Our goals of determining family and ordinal- 
level relationships within the Asteridae depend in 
large part on the resolution of questions of higher- 
level relationships and monophyly of the entire 
subclass Asteridae. Preliminary analyses with ex- 
tensive sampling within the Asteridae, but with 
limited outgroup sampling (e.g., Spinacia, Heu- 
chera, and Magnolia alternatively and in combi- 
nation), yielded contradictory hypotheses of basal 
relationships within the Asteridae. These results 
suggested that the origin and early diversification 
of the Asteridae lie deep within the higher dicots 
and that greater sampling among the higher dicots 
and outgroups in the lower dicots and monocots 
would be necessary to resolve the question of mono- 
phyly of the Asteridae and the relationships among 
major lineages of Asteridae. Therefore, it became 
necessary to address the question of monophyly of 
the Asteridae first, by sampling more broadly among 
the angiosperms, before turning our attention to 
relationships among families and orders within the 
Asteridae. 

An initial attempt to root the resulting angio- 
sperm tree was made using Welsitschia (rbcL se- 
quence courtesy of G. Furnier), a member of the 
Gnetales, the putative sister group to the angio- 
sperms (Doyle & Donoghue, 1986). However, the 
inclusion of such a remote outgroup introduced a 
Systematic error in the form of a very long outgroup 
branch attaching along a very long ingroup branch 
(Swofford & Olsen, 1990). This long ingroup branch 
led to the grasses Puccinellia and Cenchrus (Fig. 
4), an unlikely place to root an angiosperm tree. 
This result suggests that the much longer internode 
distances among seed plant groups, relative to those 
within the angiosperms, may require using some 
form of a priori weighting of rbcL sequences among 
seed plant lineages (e.g., weighting first and second 
codon positions more than third positions or weight- 
mg transversions over transitions). In contrast, 
within the more closely related and more densely 
*ampled angiosperms, an equally weighted Wagner 


parsimony analysis should be sufficient to infer 
relationships. 

Our approach was to restrict our sampling to 
angiosperms on the assumption that adequate tax- 
onomic sampling within the angiosperms would en- 
able a Wagner parsimony analysis to produce a 
better estimate of branching topology than would 
be produced when one or more very long outgroup 
branches were added. By this approach, the pattern 
of branching among the higher dicots should be 
most accurately estimated, regardless of the po- 
sition of the root among the lower dicots or mono- 
cots. The resulting tree can still provide insight 
into the basal relationships within the angiosperms 
by examining trees rooted on the basis of hypoth- 
eses generated by other lines of evidence. If the 
tree is rooted by the branch connecting the woody 
magnoliids to the rest of the tree (Donoghue & 
Doyle, 1989), then the monocots and the remain- 
ing dicots each form monophyletic groups (Fig. 2). 
If the tree is rooted by the branch connecting the 
Nymphaeales to the rest of the tree (Hamby & 
Zimmer, 1991), then the woody magnoliids and 
the monocots form a clade and the remainder of 
the dicots forms a clade (tree not shown). Neither 
of these rootings imply relationships among the 
basal angiosperms that are in complete agreement 
with the other hypotheses of relationship cited above, 
perhaps because sampling among the basal angio- 
sperm lineages is incomplete. However, the higher- 
dicot clade characterized by the presence of tri- 
colpate pollen, which was identified by Donoghue 
& Doyle (1989), is supported by the rbcL sequence 
analysis. Because the focus of this study is on the 
higher dicots, the Asteridae in particular, sampling 
among the basal lineages is sporadic and far from 
representative of the important basal angiosperm 
groups. However, sampling among the basal an- 
giosperms should be sufficient to provide outgroup 
comparison to assess relationships among the high- 
er dicots where sampling is more complete, es- 
pecially within the Asteridae. 

Relationships among the higher (i.e., tricolpate) 
dicots implied by the rbcL tree include an initial 
branch consisting of Nelumbo and Platanus. This 
is an unexpected pairing, but many other poten- 
tially closely related taxa in the Hamamelidae and 
Magnoliidae are not included and both of these 
sequences are incomplete (Nelumbo lacks 252 bp; 
Platanus lacks 142 bp). Nevertheless, their place- 
ment near the base of the tricolpate dicots is con- 
sistent with other evidence (Donoghue & Doyle, 

1989). 

Perhaps the most striking implication of the rbcL 
tree is that the major higher-dicot lineages, in- 
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cluding the Caryophyllidae, Rosidae/ Dilleniidae, 
and the *advanced" subclass Asteridae, trace to 
an apparent radiation point early in the evolution 
of the higher dicots. The lack of resolution among 
the major higher-dicot lineages is due to the small 
number of nucleotide substitutions between branch 
points relative to the total length of time since the 
lineages diverged. The observation of few substi- 
tutions between branch points, combined with an 
assumption of relative constancy of substitution 
rate, implies a rapid radiation of major higher-dicot 
groups. The lack of resolution also stems, in part, 
from homoplasy at nucleotide positions that are 
informative regarding relationships at that level. 
There is hope that sufficient information does exist 
in the rbcL sequences to offer greater resolution 
than this study provides, by sampling additional 
taxa near the critical juncture of the higher-dicot 
radiation (see discussion on sampling below). 
Three major higher-dicot lineages are identified 
which coincide, more or less, with the taxonomic 
level of subclass in the classifications of Cronquist 
(1981) and Takhtajan (1980). In addition, a fourth 
smaller group is identified comprising several mem- 
bers of the Saxifragaceae sens. str. (Rosidae) and 
Cercidiphyllum (Hamamelidae). The Saxifraga- 
ceae sens. lat. were the subject of a recent rbcL 
sequence analysis (Soltis et al., 1990), in which it 
was concluded that the traditional, broadly defined 
Saxifragaceae are a heterogeneous group of more 
or less distantly related taxa. However, the re- 
stricted sampling of that study (see discussion be- 
low) limited its ability to interpret which taxa belong 
together in a more narrowly defined Saxifragaceae. 
By including representatives of the Soltis et al. 
(1990) study in the larger analysis reported here, 
Saxifragaceae sens. str. represented by Heuchera 
and Penthorum (Fig. 2), along with Astilbe and 
Itea (results not shown), are identified. The asso- 
ciation of Cercidiphyllum with this group of Sax- 
ifragaceae, either as separate lineages connected 
at the same unresolved node on the main higher- 
dicot lineage (Fig. 2) or together as a clade (Figs. 
3, 4), suggests an association between the woody 
Hamamelidae (e.g., Cercidiphyllum) and basal 
Rosidae (e.g., Saxifragaceae). This association may 
be a key to understanding higher-dicot diversifi- 
cation, but much greater sampling of taxa in these 
groups is needed before a clear picture can emerge. 
The Caryophyllidae, including Polygonaceae and 
Plumbaginaceae, appear as a strongly supported, 
monophyletic group, whose circumscription in tra- 
ditional classifications coincides completely with the 
molecular evidence presented here and in the more 
detailed analysis of the Caryophyllales of Rettig et 


Annals of the 
Missouri Botanical Garden 


al. (in prep.). Our results indicate that the Poly- 
gonaceae and Plumbaginaceae form a clade that 
is the sister group to the Caryophyllales as has 
been suggested by Rodman et al. (1984). The 
Caryophyllidae are consistently supported by nu- 
merous synapomorphies on all the equally parsi- 
monious trees and are supported by the highest 
bootstrap value (97%) of any of the major higher- 
dicot lineages identified by this analysis (Fig. 3). 
The Dilleniidae and Rosidae form a second major 
lineage of higher dicots (with several important 
exclusions). The results of this analysis suggest that 
neither subclass, sensu Takhtajan (1980) and 
Cronquist (1981), is a monophyletic group (Figs. 
2, 3). In addition, representatives of each of these 
subclasses occur in the third major higher-dicot 
lineage, which consists primarily of the Asteridae, 
and several members of the Saxifragaceae sens. 
lat. (Rosidae) form a distinct lineage at or near the 
base of the higher-dicot diversification. The ten 
taxa that form the Rosidae/ Dilleniidae clade in our 
analysis are a dramatic underrepresentation of the 
diversity in these two subclasses. However, the 
existence of this clade, as well as the lack of any 
clear distinction between the representatives of these 
two subclasses in the rbcL tree, is supported by 
preliminary evidence from other workers sequent- 
ing rbcL in the Rosidae and Dilleniidae (M. Chase, 
pers. comm.; R. Price, pers. comm.). 2a 
The third major clade of higher dicots 15 
Asteridae sensu lato, which include several tax 
traditionally placed in the Rosidae or Dilleniidae. 
Two minor clades at the base of the Asteridae 
(Cornus and Carpenteria in one, and egeo 
dron, Fouquieria, and Polemonium m the 0 
are unresolved with respect to the divergence 
the two main lineages of Asteridae. The presence 
of these two clades reflects a grade in the evolution 
of the Asteridae recognized by many previous ^ 
ments (although evidence from the p e 
analysis with more taxa suggests that one a 
small groups, Cornus and Carpenteria, may 1981) 
with the Dipsacales and Asterales). Cronquist ( 
and Takhtajan (1980) recognized a narro 
fined Cornales, placed in the Rosidae, but $ 
that the Asteridae may have arisen from 
nalean ancestor or share a close common 
with the Cornales. Thorne (1983) and Dahl" 
(1980) recognized the more inclusive d 
Corniflorae, comprising the Cornales and Dips" 
cales, and including either the Apiales Ws 
1983) or the Ericales and Fouquieriaceae 
gren, 1980). In both of their treatments this gro 
is placed in a position of lesser ~ 
relative to the rest of the orders of the Astertiat 
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None of the above-mentioned recent treatments of 
angiosperm classification place the Polemoniaceae 
with the Ericaceae and Fouquieriaceae, although 
Thorne (1983) placed the Fouquieriaceae near the 
Polemoniaceae and each of the other treatments 
cited above have placed the Fouquieriaceae near 
the Ericaceae. It is clear from the rbcL tree that 
the Cornales, Ericales, and Fouquieriaceae arose 
at an early period in the diversification that gave 
rise to the Asteridae sensu Cronquist (1981), after 
the separation of the entire lineage from the one 
leading to most other Rosidae and Dilleniidae. Ad- 
ditional molecular support for the inclusion of these 
two lineages in the Asteridae sens. lat. comes from 
the analysis of restriction site mapping of the cpDNA 
inverted repeat (Downie & Palmer, 1992) and 
further taxonomic sampling of rbcL sequences in 
the Ericales and related taxa (K. Kron & M. Chase, 
pers. comm.). 

Two primary lineages emerge from the unre- 
solved basal portion of the Asteridae. One corre- 
sponds to Takhtajan's (1987) subclass Lamiidae, 
including the orders Gentianales, Lamiales, Scroph- 
ulariales, Solanales, and Boraginales. This lineage 
is one of the most strongly supported clades in the 
higher dicots with a bootstrap value of 94% (Fig. 
3) and is identified in the study of Downie & Palmer 
(1992). Four of these orders, Gentianales, Lami- 
ales, Solanales, and Boraginales, appear to be 
monophyletic groups based on the limited sampling 
Presented here. This tentative conclusion is sup- 
ported by a preliminary analysis of a larger number 
of taxa within this clade (results not shown). The 
Lamiales form a monophyletic group with the 
Serophulariales as suggested by Wagenitz (1992) 
and are not close to the Boraginaceae, in agreement 
with Cantino (1982). The Oleaceae, represented 
in this study by Ligustrum, have been placed al- 
ternately with the Gentianales (Dahlgren, 1980; 
Takhtajan, 1987) and the Scrophulariales (Cron- 
quist, 1981) and are identified as one of several 
families of questionable placement in the Asteridae 
by Wagenitz (1992). This study suggests that the 

ceae represent a basal branch of the clade 
leading to the Scrophulariales and Lamiales. 
groups corresponding to orders can be 
identified within this primary lineage, relationships 
“mong these groups remain unclear. The associ- 
ation of the Lamiales with the Scrophulariales ap- 
Pears to be well supported, but the suggested re- 
lationship between the Solanales and the Boraginales 
* weakly supported by the bootstrap analysis (Fig. 
3). In the preliminary analysis of 92 sequences 
(not shown), including greater sampling within this 
lineage, the Boraginales come out with the Seroph- 


ulariales/Lamiales rather than with the Solanales. 
More extensive taxonomic sampling and more phy- 
logenetically informative data may be necessary to 
resolve ordinal relationships within this lineage. 
The second primary lineage of Asteridae to 
emerge from the early diversification of the sub- 
class corresponds closely to the Asteridae sensu 
stricto of Takhtajan (1987), but with the inclusion 
of the Apiales. The bootstrap value of 61% (Fig. 
3) indicates moderate support for this clade and 
reflects some support in the data for inclusion of 
the Cornales. Two clades are recognized within this 
lineage, one comprising the Apiales and Dipsacales 
and the other comprising representatives of the 
Asterales, Campanulales, Goodeniales, and Meny- 
anthaceae (Fillarsia). The close molecular asso- 
ciation between the Apiales and the Dipsacales was 
predicted only by the classification of Thorne (1983) 
among recent angiosperm classifications, although 
a similarity in secondary chemistry between the 
Apiales and Asterales also has been noted (Heg- 
nauer, 1977). The placement of an order of Rosi- 
dae (i.e., Apiales) sensu Cronquist (1981) well within 
the Asteridae will surprise many observers. Nev- 
ertheless, a bootstrap value of 79% (Fig. 3) shows 
relatively strong support for a sister-group rela- 
tionship between the Apiales and Dipsacales. This 
relationship is supported also by the work of Downie 
& Palmer (1992) and of Hamby & Zimmer (pers. 
comm.) using rRNA sequences. In the Dipsacales, 
the Caprifoliaceae sens. lat. (represented by Vi- 
burnum and Symphoricarpos) appear to form a 
paraphyletic group from which the Valerianaceae 
and Dipsacaceae are derived. Wagenitz (1992) 
identifies the Dipsacales and the Campanulales/ 
Asterales (including Goodeniaceae) as "good can- 
didates" for monophyletic groups, and the rbcL 
analysis provides additional support for his view. 
More detailed analyses of both of these monophy- 
letic groups based on rbcL data are reported else- 
where (Campanulales/Asterales— Michaels et al., 
in prep.; Dipsacales— Donoghue et al., 1992), 
The placement of the Menyanthaceae in the 
Campanulales / Asterales clade is an unanticipated 
result, but one that illustrates a strength of molec- 
ular approaches to phylogeny reconstruction. The 
Menyanthaceae have been placed alternately in 
the Gentianales (e.g, Takhtajan, 1987) and So- 
lanales (e.g., Cronquist, 1981), but Bohm et al. 
(1986) could not find support for either placement 
on the basis of flavonoid data. Pollard & Amuti 
(1981) recognized a similarity between the Meny- 
anthaceae and the Campanulales/ Asterales on the 
basis of a primary reliance on inulin as a storage 
compound, but also included other more distantly 
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related families (e.g., Boraginaceae). Considering 
these conflicting hypotheses, it is not surprising 
that Wagenitz (1992) considers the placement of 
the Menyanthaceae to be “‘still controversial." The 
rbcL sequence data place the Menyanthaceae (rep- 
resented here by Villarsia) squarely in the Cam- 
panulales/ Asterales clade, a placement confirmed 
by sequencing a second member of the family, 
Menyanthes (unpublished data) and by the cpDNA 
restriction site analysis of Downie & Palmer (1992). 

Another controversially placed taxon included 
in this analysis is the aquatic plant Callitriche. 
With its very reduced flowers and modifications 
associated with the aquatic habit, Callitriche has 
been assigned to a position, based on gynoecial and 
embryological characters, in or near the Lamiales 
in most recent treatments (Dahlgren, 1980; Thorne, 
1983; Takhtajan, 1987; but see Cronquist, 1981). 
The analysis of rbcL sequence data suggests that 
Callitriche belongs in the Scrophulariales/Lami- 
ales clade, but more closely related to the Scrophu- 
lariaceae than to the Lamiales. 

The uncertain placement of some taxa in clas- 
sifications based on conventional sources of data 
(e.g., morphology, anatomy, and secondary chem- 
istry) is often the result of divergent evolution in 
these characters. This obscures relationships be- 
cause derived characters shared between close rel- 
atives may no longer be apparent. In these cir- 
cumstances cpDNA sequence data may have their 
greatest influence on classifications, because the 
stochastic nature of nucleotide substitutions in 
cpDNA is not expected to be coupled with differing 
rates of evolution of conventional characters. 
Therefore, taxa ambiguously placed in traditional 
classifications should resolve on an rbcL tree as 
confidently as any other taxa. This does not imply 
that cpDNA sequence divergence cannot be un- 
predictably variable and that this variability cannot 
introduce error or uncertainty into phylogenetic 
analysis of cpDNA sequence data (Doebley et al., 
1990; Swofford & Olsen, 1990). 


FLORAL EVOLUTION AND THE FOSSIL RECORD 


The reconstruction of a framework phylogeny 
of the higher dicots, the identification of a mono- 
phyletic Asteridae sens. lat., and the delineation of 
primary lines of descent within the Asteridae enable 
one to begin to evaluate hypotheses of character 
evolution within the higher dicots and Asteridae. 
The results of our rbcL sequence analysis concur 
with the phylogenetic analysis based on conven- 
tional characters by Donoghue & Doyle (1989) in 
the identification of a clade of higher dicots char- 


acterized by the presence of tricolpate pollen. 
Whereas our sampling is more representative of 
the higher dicots and that of Donoghue & Doyle 
is more representative of the lower dicots and 
monocots, it is heartening to observe the concor- 
dance in results at the point where the two studies 
converge. 

Among the higher, tricolpate dicots, evolution 
of floral morphology has proceeded from ancestors 
with numerous parts spirally arranged toa reduced, 
fixed number of floral segments arranged in whorl. 
The evolution of whorled floral appendages has 
probably occurred more than once in dicots and 
certainly arose independently in dicots and mono- 
cots, but our analysis of rbcL sequence data sug- 
gests that a single origin of this floral arrangement 
may be sufficient to explain its presence in the 
major groups of higher dicots (e.g.. Caryophyllidae, 
Dilleniidae, Rosidae, Asteridae). More extensive 
sampling of cpDNA sequences among the early 
tricolpate dicot lineages (e.g.. Ranunculales, Hama- 
melidales) will be needed to determine whether a 
single origin is, in reality, sufficient to explain the 
distribution of this character among the higher 
dicots. 

The lack of resolution of relationships among 
the major lineages of higher dicots suggests that 
the origin and divergence of these groups oc ia 
close together in time and probably soon after 
evolution of whorled floral appendages. Flowers 
with all parts in whorls are known by the M 
manian age, approximately 95 million yum 
(Friis & Crepet, 1987). By the middle Late > 
taceous (Santonian- Campanian), whorled flowe 
“usually with the perianth and androecium n i 
of five, and gynoecium of two or three a 
were dominant (Friis & Crepet, 1987) and the 
sympetalous flowers are known (Friis, 1985 ees 
fossil record, notoriously incomplete when it € a 
to flowers, is entirely consistent with a neary ` 
multaneous (in geologic terms) origin of - maj 
higher-dicot groups. Even though no fossils as a 
asterid affinity, sensu Cronquist or Tek, Rec 
known until the Tertiary, one gene o 

hylogenetic analysis is that the origi i 
ships sens. lat. oa close in time to the appe?" 
ance of other higher-dicot groups in the ua 
taceous (Doyle & Donoghue, 1986; are x 
Marshall, 1990). Fossil fruits assignable ad ped 
tant genus Cornus (E. M. Friis, unpublis and fri 
cited in Eyde, 1988) and fossil flowers 
referable to the Ericales (Friis, 1985) are fossils 
from the Late Cretaceous. Both of these 
belong to orders, Cornales and Ericales, 
tively, identified by the rbcL analysis !o 
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the Asteridae sensu lato. Therefore, claims that 
fossils of asterid affinity do not appear until the 
Tertiary (Mueller, 1981; Cronquist, 1981) reflect 
our misconception of asterid affinity rather than a 
lack of fossil evidence. 

The identification of a clade comprising the As- 
teridae sens. lat. that originated early in the di- 
versification of the higher dicots and which is char- 
acterized (in large part) by the fusion of perianth 
parts suggests that the innovation of perianth fusion 
occurred soon after the evolution of whorled floral 
appendages. This implication of our analysis may 
seem strikingly at odds with the traditional concept 
of floral evolution, namely, many, spirally arranged 
parts to few, whorled parts to fused parts, with a 
phylogenetic diversification at each stage. How- 
ever, there is no contradiction with this traditional 
concept of floral evolution; the only difference is 
that the transition from the second to the third 
stages occurred in rapid succession and that the 
phylogenetic radiation within each of these two 
floral plans occurred after that transition. 

The interpretation of floral evolution within the 
Asteridae sens. lat. poses interesting hypotheses 
concerning the evolution of perianth fusion. If the 
two lineages that do not exhibit perianth fusion 
(Cornus/Carpenteria and Hedera/Coriandrum) 
represent the retention of the ancestral state of 
free floral parts, then the fusion of floral parts must 
have occurred at least three times during the evo- 
lution of the Asteridae sens. lat.: (1) Dipsacales, 
(2) Asterales/Campanulales, and (3) a clade com- 
prising the ericalean group and the Lamiales/ 
Scrophulariales /Gentianales /Boraginales/Solana- 
les (evidence from phylogenetic studies in the 
Ericales suggests a separate origin of perianth fu- 
sion in that order (Kron & Chase, pers. comm.)). 
Alternatively, if a single origin of perianth fusion 
'S postulated to have occurred in the Asteridae 
sens. lat., then either two reversals would be nec- 
*ssary to explain the distribution of free perianths, 
if the Cornales belong on the lineage leading to the 
Dipsacales, Apiales, Campanulales, and Asterales, 
?r only one reversal, if the Cornales belong at the 

of the entire clade. A simple parsimony ar- 
Eument, in which reversals and parallel evolution 
T" equally likely, would favor a single origin of 
Perianth fusion in the Asteridae sens. lat. By im- 
Plication, the Apiales and possibly the Cornales 
would represent groups in which the existence of 
a free perianth is derived from an ancestrally fused 
Penanth. It is noteworthy that the only putative 
cases of reversal in perianth fusion (e.g., Cornales 
and Apiales) are postulated to have occurred early 
n the diversification of the Asteridae, perhaps be- 
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fore subsequent floral evolution acted to constrain 
the development of the perianth to be obligately 
fused (Donoghue, 1989). Some recent evidence 
from studies of corolla development in the Aster- 
idae and the Apiales (Erbar, 1988, 1991) is con- 
sistent with the hypothesis presented here that the 
polypetalous condition in the Apiales may represent 
a reversal from an ancestral sympetalous state. 
Erbar (1991) identified two developmental patterns 
leading to sympetaly in the Asteridae. In early 
sympetaly the corolla is initiated as a ring from 
which petal lobes later develop, whereas in late 
sympetaly the corolla is initiated as distinct petals, 
which fuse later in development. Corolla is of the 
late type in the families of the Lamiidae and the 
early type in the orders Asterales sens. lat. and 
Dipsacales. Corolla development in the Apiales is 
initiated as a ring, as in the Dipsacales and Aster- 
ales, but its development ceases when petal lobes 
are initiated, resulting in a corolla of apparently 
free petals (a correlation between ring formation 
and inferior ovary may present an alternate ex- 
planation, L. Hufford, pers. comm.). Comparable 
observations on corolla development in the Cor- 
nales is unavailable. 


SAMPLING 


Sampling is a critical issue that often is given 
insufficient attention in molecular phylogenetic 
studies. Sampling can affect both the resolution of 
a phylogenetic analysis and the effectiveness of 
statistical evaluation of the results (e.g., bootstrap 
analysis). Both the number of characters (e.g., nu- 
cleotides) and the number of taxa are factors that 
influence the resolution and reliability of an anal- 
ysis. Of these two sampling considerations, we per- 
ceive the issue of taxonomic sampling to be the 
more critical. An insufficient number of characters 
often will result in a lack of resolution, rather than 
incorrect topology, whereas insufficient taxonomic 
sampling may lead to incorrect topology. This is 
particularly likely when unequal rates of nucleotide 
substitution exist within a clade or when the amount 
of substitution in the sequences being compared is 
high relative to the phylogenetic distance between 
sampled taxa (Felsenstein, 1978; Swofford & Ol- 
sen, 1990). In a parsimony analysis, an uneven 
sampling of taxa within a clade can have the same 
effect as unequal rates among lineages within the 
clade. Likewise, too few taxa sampled in a clade, 
even if evenly distributed, can have the effect of 
raising the effective rate of substitution for the 
sequence being compared (i.e., substitutions per 
internode length on a cladogram). Swofford & Ol. 
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FiGURE 5. A comparison of the results of Soltis et al. 
(1990) and this study for taxa shared between the two 
studies. 


sen (1990: 497) recommended that taxonomic 
sampling be carried out *so as to divide long 
branches reasonably evenly" and go on to point 
out that “long branches (sparse regions) within the 
ingroup can contribute to systematic errors," be- 
cause in a parsimony analysis, "multiple substi- 
tutions are more easily detected in dense[ly sam- 
pled] regions." 

Although increasing the taxonomic sampling 
density has the beneficial consequence of increasing 
the effectiveness of a parsimony analysis, it also 
has the paradoxical effect of reducing the apparent 
support for the resulting tree by the most com- 
monly used means of evaluating tree branching 
patterns, the bootstrap (Felsenstein, 1985, and pers. 
comm.). The bootstrap approach provides a quan- 
titative value for the occurrence of specific clades 
given the available data. Low bootsrap values can 
occur for two reasons: (1) when high levels of 
homoplasy exist in the data, making alternative 
groupings of taxa nearly equally likely; and (2) 
when there are few characters to support each 
branch point. Increasing the number of taxa with- 
out increasing the number of characters can in- 
crease the level of homoplasy in an analysis (Ar- 
chie, 1989; Sanderson & Donoghue, 1989), and 
by splitting branches, will reduce the number of 
characters supporting each branch point, thereby 
reducing the bootstrap values on the resulting tree. 
Other methods of evaluating trees in a parsimony 
analysis, including decay analysis and comparing 
the distribution of all possible trees (Donoghue et 
al., 1992), are made more difficult, or rendered 
impossible, by increasing the number of taxa in- 
cluded in an analysis. 

It is our concern that studies involving a small 
number of taxa drawn from a large and hetero- 
geneous taxonomic class may show support for 
topologies that do not reflect phylogeny as accu- 
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rately as studies involving a greater sampling within 
the same taxonomic class. To illustrate this point, 
we offer two examples of studies involving small 
numbers of taxa drawn from the same taxonomic 
distribution as our analysis of 57 taxa reported 
here. First, anecdotal evidence from our analysis 
of rbcL sequences comes from the behavior of the 
sequence for Spinacia. In preliminary analyses 
with varying sets of taxa, but with no other mem- 
bers of the Caryophyllidae included, the sequence 
for Spinacia came out either within the Asteridae, 
within the Rosidae, or on a branch by itself at the 
base of the higher-dicot radiation. Only with the 
inclusion of other sequences from the Caryophyl- 
lidae (provided by D. Giannasi, J. Rettig & J. 
Manhart) did the position of Spinacia and the rest 
of the Caryophyllidae consistently come out near 
the base of the higher-dicot radiation (Fig. 2), re 
gardless of which other taxa representing other 
clades were included in the analysis. 

Soltis et al. (1990) employed rbcL sequence data 
to address the question of phylogenetic relation- 
ships within the Saxifragaceae sens. lat. and to 
determine if they represent an assemblage of rel- 
atively unrelated taxa. In addition to eight members 
of the Saxifragaceae sens. lat., three other diverse 
angiosperms, Nicotiana (Asteridae), Pisum (Rosi- 
dae), and Zea (monocot), were included in their 
analysis. Our analysis included five of their 5e 
quences from the Saxifragaceae sens. lat. as " 
as Nicotiana, Medicago (a close relative of 
sum), and two grass species in the same family a5 
Zea (a sixth member of the Saxifragaceae sen* 
lat. and Pisum were also included in our "e 
nary analysis of 92 taxa). The topologies for al 
comparable portions of the tree from Soltis a " 
(1990) and from our analysis differ print 
the placement of the root (Fig. 5). In our v7 
the tree of Soltis et al. (1990) is rooted a Pi 
by the attraction of two long-branch lineage 
sum and Zea. The resulting tree, otherwise topo" 
logically congruent with our tree, implies putat? 
erroneous conclusions concerning relations bp 
within the Saxifragaceae sens. lat. and pre 
tion within the higher dicots. The source 1) de 
apparent error in their tree stems from: ( 
coincidence of including members of the Fabs 
(Pisum) and Poaceae (Zea), both api 
for rbcL sequence evolution (note dini 
in Fig. 4); and (2) rooting their analysis wind 
remote outgroup Zea, which has been shown ua 
diverging at a fast rate even when compared si 
other grasses (Doebley et al., 1990). This e " 
meant as a criticism of the study of Soltis rick 
(1990), which was one of the first to use 
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sequences in a phylogenetic analysis, but rather as 
an example to illustrate the potential pitfall of in- 


adequate taxonomic sampling. 


SUMMARY AND PROSPECT 


It is remarkable how many rbcL sequences have 
been acquired in the short time since the gene was 
first suggested for use in phylogenetic studies (Zu- 
rawski & Clegg, 1987; Ritland & Clegg, 1987; 
Palmer et al., 1988). Several recent studies (Go- 
lenberg et al., 1990; Soltis et al., 1990; Doebley 
et al., 1990; Michaels et al., in prep.; Les et al., 
1991; Donoghue et al., 1992; Kim et al., 1992) 
and additional studies currently in progress (D. 
Giannasi, pers. comm.; J. Rettig & J. Manhart, 
pers. comm.; D. Clark, pers. comm.; M. Chase, 
pers. comm.) atest to the mushrooming interest in 
the application of rbcL sequences to phylogenetic 
studies in flowering plants. A recent survey of re- 
searchers (conducted in July 1990 by J. Palmer) 
revealed that over 200 rbcL genes had been se- 
quenced; by the time this study is published, that 
number will have been greatly eclipsed. Much cred- 
it is owed to the generosity of G. Zurawski for 
providing sequencing primers to all interested re- 
searchers and to the open exchange of information 
on techniques and of sequences among researchers. 
The prospect in the near future for a comprehen- 
sive angiosperm phylogeny based on rbcL sequenc- 
es is great. 

The Asteridae sens. lat. have been the focus of 
the most extensive sampling for rbcL sequences, 
with more than 40 families and over 100 species 
sampled (Michaels et al., in prep.; Olmstead et al., 
this study, and ished; Kim et al., 1992; 

ue et al., 1992; K. Kron & M. Chase, 
pers. comm.; D. Soltis, pers. comm.). The Asteridae 
Provide an exemplary case study of how cpDNA 
sequence data can address systematic questions at 
* variety of levels, from the identification of a 
monophyletic, higher-order group, the Asteridae 
*ensu lato (this study), to the circumscription of 
orders and relationship among families within or- 
ders (Michaels et al, in prep; Donoghue et al., 
1992: Olmstead et al., unpublished), through to 
the study of tribal relationships within a large and 


l expanding body of evidence from rbcL stud- 
* does not mean that avenues for additional work 
are narrowing. To the contrary, rbcL sequence 
“tudies have identified many problems where the 
“mple solution of increased taxonomic sampling 
will not suffice. The for future research 
be in several directions: (1) A slowly evolving gene 


such as rbcL has a lower limit of effective resolution 
in phylogenetic studies (Doebley et al., 1990; Kim 
et al., 1992). Many problems within orders, fam- 
ilies, or even large genera may be addressed more 
effectively by applying the techniques used in cur- 
rent rbcL studies to more rapidly evolving chlo- 
roplast genes, as well as by continuing the now 
widely used approach of cpDNA restriction site 
analysis. The former approach is currently under- 
way in studies of the Asteraceae (R. Jansen, pers. 
comm.), Polemoniaceae (K. Steele, pers. comm.), 
and the Lamiales/Scrophulariales (R. Olmstead, 
unpublished). (2) Problems of ancient radiations 
(e.g., the higher-dicot radiation discussed above) 
may remain unresolved with rbcL sequences and 
will require additional data, perhaps 3-5 times as 
much cpDNA sequence to achieve resolution. (3) 
It should be noted that data from rbcL sequences 
are all derived from a single gene and may be 
subject to unknown evolutionary constraints. Phy- 
logenetic reconstructions derived independently 
from chloroplast genes of differing functions (i.e., 
genes not involved in photosynthesis) or from mi- 
tochondrial or nuclear genes (e.g., rDNA genes) 
need to be conducted on the same taxa to confirm 
results and to test the underlying assumption that 
the nucleotide substitutions sampled from one gene 
represent a random sample. Overall, the prospect 
is bright that significant advances in our under- 
standing of plant systematics will be forthcoming 
from continued studies of chloroplast and other 
DNA sequences. 
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